ABSTRACT. This study aimed to isolate mesenchymal stem cells from bone mesenchymal stem cells (BMSCs), determine their therapeutic potential for treating rats with acute liver failure (ALF), further explore the factors that induce liver failure mechanisms, and elucidate the role of bone marrow stem cell therapy and BMSCs on liver homing. We found that differentiation potential was present in BMSCs expressing high levels of CD29 and CD90. These cells improved liver functioning in vivo after transplantation into rat livers with D-galactosamine damage, as evidenced by the levels of alanine aminotransferase and aspartate aminotransferase returning to normal (low levels) in recipient ALF rats. A significant improvement in the liver functional test and histological findings was observed in the Stem cells and acute liver failure transplantation group after 120 and 168 h of transplantation (P < 0.05). Histological data revealed that hepatocyte cell apoptosis was lower in the transplantation group compared to the control groups (P < 0.05), and that the transplantation of BMSCs reduced liver inflammation, decreased hepatic denaturation and necrosis, and promoted liver regeneration. These ameliorations were not recorded in the control groups. The results of in situ hybridization, immunofluorescence staining, and Western blot confirmed the presence of transplanted BMSCs in recipient rat livers. Stromal cell derived factor-1 alpha and vascular endothelial growth factor were significantly upregulated after the intraportal transplantation of BMSCs, with significantly higher levels being found in the portal vein and the tail vein groups (P < 0.05). In conclusion, BMSCs have a therapeutic effect against ALF rats, evoke endogenous repair mechanisms in the liver, and may represent a novel form of therapeutic intervention for the disease. Furthermore, intraportal transplantation serves as a more effective pathway compared to tail vein transplantation.
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INTRODUCTION
Acute liver failure (ALF) is defined as the rapid development of severe acute liver injury with impaired synthetic function and hepatic encephalopathy in the absence of pre-existing liver diseases. The disease causes high morbidity and mortality. Orthotopic liver transplantation is the most effective therapy for ALF; however, it is very costly, highly intrusive, irreversible, limited by a shortage of donor organs, and requires life-long immunosuppressive treatments (Lee et al., 2008; Kim and Kremers, 2008) . Thus, it is imperative to develop new approaches for repairing the liver. At present, mesenchymal stem cells represent an alternate cell source to substitute primary hepatocytes in hepatocyte transplantation, because of their multiple differentiation potential and nearly unlimited availability. Mesenchymal stem cells have been shown to differentiate into hepatocyte-like cells in vitro and also maintain specific hepatocyte functions after transplantation into the livers of damaged and control mice and rats. Depending on the underlying liver disease, mesenchymal stem cells either replace the diseased liver tissue or support liver regeneration through anti-inflammatory, anti-apoptotic, and proliferative actions (Enns and Millan, 2008; Lysy et al., 2008; Oertel and Shafritz, 2008; Alison et al., 2009; Stutchfield et al., 2010) .
Recent studies using experimental animal models and samples from clinical mobilization protocols have demonstrated that chemokines, such as stromal cell derived factor-1α (SDF-1α), are involved in the mobilization process (Askari et al., 2003; Masson et al., 2004) . SDF-1α promotes the homing of bone marrow stem cells to tissue injury and repair. Vascular endothelial growth factor (VEGF) is an important growth factor involved in angiogenesis. It is a multifunctional protein that has several effects on endothelial cells that promote the formation of new vessels. Furthermore, VEGF stimulates the production of hepatocyte growth factor, which is regarded as an initiator of liver regeneration (Los et al., 2005) . Therefore, at present, much research is focusing on the expression of SDF-1α and VEGF in ALF to observe the efficiency of homing stem cells and the tissue repair of injury.
In the present study, we observed the effects of bone mesenchymal stem cell (BMSC) transplantation in rats with ALF and explored the relevant mechanisms involving SDF-1α and VEGF. Through detecting the expression of SDF-1α and VEGF in liver, help and understanding the factors that influence the homing distribution of bone marrow, we aimed to provide an experimental basis for the clinical development of BMSC transplantation in the treatment of ALF.
MATERIAL AND METHODS

Isolation, culture, and identification of BMSCs from rats
Healthy male Sprague-Dawley rats (8 weeks old and weighing around 200 g; specific pathogen free) were provided by the Disease Control Center of Animals in Xinjiang, China (License No. SCXK new 2003-0002) . BMSCs were isolated by using the method of stick wall separation, external training, and appraisal. After the intraperitoneal injection of 50,000 U heparin, the rats were sacrificed after 15 min. Subsequently, whole bone marrow of the bilateral tibia was collected and 1 x 10 9 cells/L were seeded on 75-cm 2 Petri dishes. After 24 h, the medium was changed to remove nonadherent cells. Many colonies had formed approximately 7-10 days later. After achieving 70-80% confluence, the adherent cells were trypsinized using 0.25% (w/v) trypsin/EDTA (Invitrogen, Carlsbad, CA, USA), and were replated at a 1:3 dilution. The BMSCs at the 3rd passage were identified and cultured for future experiments. The cultured BMSCs were resuspended at a concentration of 1.4 x 10 7 cells/kg in saline for transplantation.
Flow cytometry
The cultured cells were trypsinized and resuspended in PBS containing 1% bovine serum albumin (BSA). Cell suspensions were incubated with different antibodies, including FITC-labeled anti-rat CD45, CD29, CD11, and CD90 (Sato et al., 2005; Cho et al., 2009 ) (all from BioLegend, USA), at a recommended dilution (1:100) for 30 min at room temperature in the dark. Isotype-identical antibodies (IgG) served as controls. After staining, the cells were fixed with 1% paraformaldehyde. Positive cells were counted by flow cytometry by utilizing a fluorescence-activated cell sorter (Beckman Coulter FC500 Flow Cytometer, USA) in duplicate, with the mean being reported.
Animal model of liver injury and treatments
A total of 80 rats were placed in cages at 24°C with a 12-h light-dark cycle, and allowed free access to water and food. All experiments were approved by the Medical Ethics Committee of Xinjiang Medical University, Xinjiang, China, and the Principles of Laboratory Animal Care in the University were followed. The ALF model was induced by 2 intraperitoneal injections of 1.4 g/kg 10% D-galactosamine in 12 h and 20 μg/kg 0.005% lipopolysaccha-ride (LPS) once in 12 h. Subsequently, the rats were subjected to an allograft transplantation of BMSCs through either portal vein or tail vein injection. The control group was given no treatment. Blood samples and liver tissue specimens were collected after 24, 72, 120, and 168 h of transplantation. Liver tissue was collected after being fixed with 4% paraformaldehyde solution, and was then preserved in formalin buffer solution for subsequent histopathological studies. For protein and total RNA isolation, the liver tissue was snap-frozen in liquid nitrogen and then stored at -80°C.
Samples of 5 normal rats were used to define the normal control range of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and albumin. A total of 75 rats presenting abnormal ALT and AST were randomly assigned to 3 groups at 24 h after D-galactosamine and LPS injection. Group A contained the control group without transplantation. Group B contained the portal vein group, in which rats were anesthetized and subjected to an upper midline incision inferiorly from the xiphoid, and the abdominal cavity was exposed with a retractor. The portal vein was gently isolated and directly injected with 1.4 x 10 7 cells/kg BMSCs using a 25-gauge needle connected to a 2-mL syringe (Sato et al., 2005; Cho et al., 2009 ). The abdominal wall was closed after bleeding was stopped by pressure. Group C contained the tail vein group, in which 1.4 x 10 7 cells/kg BMSCs were injected into the tail vein.
Biochemical analysis
Serum was separated by centrifugation within 1 h of blood collection when the rats were sacrificed. The serum was then stored at -80°C until further analysis. The serum levels of AST and ALT rats were determined using an Automated Chemical Analyzer (Unicel Dxc 800; Beckman Coulter), following manufacturer protocols. The density of serum AST and ALT activity in the experimental and control groups was compared. The serum levels of AST and ALT in the experimental and control groups were measured at 24, 72, 120, and 168 h after BMSC transplantation.
Histology
Liver tissues were fixed, embedded in paraffin, and sectioned to assess the degree of liver injury. The livers were fixed in 4% paraformaldehyde, dehydrated using graded ethanol, and then embedded in paraffin. The paraffin blocks were sectioned and stained with hematoxylin and eosin (HE) using standard histological techniques. Histological analysis was conducted by a single-blind pathologist (i.e., who had not had prior access to the samples). Five non-overlapping fields that were randomly selected per section were analyzed at 100 x final magnification (BX50 Microscope, OlymPus Company, Japan).
Analysis of hepatocyte cell apoptosis
Paraffin sections were routinely deparaffinized and rehydrated. Apoptosis was determined by the in situ detection of DNA fragmentation using terminal deoxynucleotidyl transferase-mediated 2'-deoxyuridine 5'-triphosphate nick-end labeling (TUNEL, Roche Applied Science) assay, following manufacturer protocols. Quantification of TUNEL-positive hepatocyte nuclei was assessed by calculating the mean of the number of TUNEL-positive hepatocytes in 10 random 200X fields per animal.
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Immunofluorescence staining
For the immunofluorescence assay, paraffin-fixed liver tissue was divided into 5-μm sections, and then the sections were deparaffinized and hydrated. After treatment with 0.3% H 2 O 2 in methanol for 10 min to inhibit endogenous peroxidase activity, the sections were blocked using BSA. The blocked sections were incubated overnight at 4°C with mouse VEGF antibody (1:1000, ab1316; Abcam Inc., USA). Then, the sections were incubated with FITCconjugated secondary antibodies (Thermo Scientific, cat#, MH14501415; Pierce Biotechnology, Rockford, IL, USA) for 15 min. After staining the nucleus with 4',6-diamidine-2'-phenylindole (DAPI), it was immediately observed under a fluorescent microscope. The total number of fluorescence-labeled cells in each section was calculated.
In situ hybridization
In situ hybridization was measured to determine the expression of SDF-1α mRNA (MK2121, Bo Shi De, China). Liver biopsy tissues were dewaxed with xylene, and hydrated with decreasing concentrations of ethanol. The tissue was post-fixed in 4% paraformaldehyde in PBS for 20 min and treated with proteinase K (20 μg/mL in 50 mM Tris, 5 mM EDTA) for 10 min at 37°C. The sections were treated again with 4% paraformaldehyde in PBS and acetylated (100 mM triethanolamine, 25 mM acetic anhydride). After dehydration with ethanol, the sections were hybridized at 55°C for 18 h with digoxigenin-labeled sense and antisense probes at a concentration of 10 ng/mL. After hybridization, the slides were washed in 5X SSC and 10 mM dithiothreitol at 50°C, followed by 2X SSC containing 100 mM dithiothreitol and 50% formamide at 65°C for 20 min. The sections were then treated for 30 min with RNAse A (20 μg/ mL) in 10 mM Tris, 5 mM EDTA, and 0.5 mM NaCl at 37°C. After washing each slide in 2 and 0.1X SSC for 30 min at 65°C, the digoxigenin-labeled probe was detected immunohistochemically (Nonradioactive Detection Kit, Boehringer Mannheim Biochemicals, Indianapolis, IN, USA), and the tissue sections were counterstained with Mayer's hematoxylin.
Western blot
Frozen liver tissue was homogenized in lysis buffer (150 mM NaCl, 10 mM HEPES, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 0.6% Nonidet P-40). The samples were sonicated for 15 s, and then centrifuged at 3000 rpm at 4°C for 15 min. The supernatants were transferred to clean tubes, and the total protein was determined by a BCA protein assay. Forty micrograms of protein was separated on a 12% SDS gel run at 200 V for 60 min. After electrophoresis, the protein was transferred to a polyvinylidene fluoride membrane. The membrane was incubated overnight at 4°C with SDF-1α (1:1000; Thermo Scientific PA5-17238, Pierce Biotechnology), VEGF (1:1000, ab1316), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000, sc-25778; Santa Cruz Biotechnology, Inc., USA) antibodies appropriately diluted in 1X TBST containing 5% nonfat dry milk. The membrane was then processed with HRP-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (Thermo Scientific ND172675; Pierce Biotechnology), and the immune complexes were visualized using the enhanced chemiluminescence system (Amersham Biosciences). The band intensities were measured using the Quantity One Analysis Software, and were calculated as the ratios to GAPDH.
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Statistical analysis
Data are reported as means ± SD. The differences between the groups were compared with the t-test and multiple factor analysis of variance. Correlation analysis was carried out using Pearson correlation analysis. A value of P < 0.05 was considered to be statistically significant. All data were processed using the statistical package SPSS 18.0 software.
RESULTS
Isolation and identification of BMSCs
BMSCs were isolated from Sprague-Dawley rats, and the proliferating cells were enriched. After about 7-10 days, the Petri dishes were full of BMSCs, forming cell clusters or cell monolayers that covered the bottom of the container and were arranged in radial concentric circles or peak valley-like growths. The cell clusters exhibited synchronicity and contraction (Figure 1 ). The BMSCs were identified by flow cytometry. BMSCs were incubated with FITCconjugated antibodies. Primary rat BMSCs positively expressed MSC-specific markers, CD29 (+) and CD90 (+), but negatively expressed CD11 and CD45 (Figure 2) . Thus, the bone marrow cells were of high purity after the 3rd passage and expressed CD29+, CD90+, CD11-, and CD45-, which are BMSC markers.
Effects of BMSC transplantation on liver function tests
Our laboratory findings indicated the protection capability of BMSCs. ALT and AST serum levels of the experimental and control groups were measured by an automatic biochemistry analyzer (Unicel Dxc 800; Beckman Coulter). ALT and AST serum levels were significantly higher in the ALF models. After 120 and 168 h of BMSC transplantation, there was a significant decline in ALT and AST levels. Subsequently, ALT and AST serum levels in the transplantation groups were measured (P < 0.05 vs the control group) ( Table  1 ). The density of serum ALT and AST noticeably changed after BMSC transplantation, which confirmed that transplanted BMSCs ameliorate liver function. ALT and AST serum levels declined more in the portal vein group compared to the tail vein group; however, these differences between the portal vein group and the tail vein group were not significant (Figures 3 and 4) . 
Post-transplant liver histopathology
At 24 h after D-galactosamine injection, the liver tissue of the control group lost normal lobular structure, exhibiting hepatocyte cytoplasm edema, some regional ballooning, hepatocyte degeneration, a necrotic area filled with inflammatory cells and red blood cells, and inflammatory cell infiltration of the portal area ( Figure 5A ). The liver lobule structure of the normal rat was typical, with no symptoms, and the liver cells were arranged in cords ( Figure 5B) . At 24 h after transplantation, hepatocyte degeneration and inflammatory cell infiltration of the portal area were observed ( Figure 5C and D) . At 72 and 120 h after transplantation, the portal vein and tail vein transplantation groups showed extensive hepatocyte degeneration, mild piecemeal necrosis, and a significant reduction in inflammatory cell infiltration. Furthermore, we observed significant bile duct proliferation in the portal area ( Figure 5E-H) . At 168 h after transplantation, the lobule structure was gradually restored, and the number of inflammatory cells decreased ( Figure 5I and J). H&E staining showed significant morphological changes in the transplantation group compared to the control group (P < 0.05; Table 2 and Figure 6 ). As shown in Figure 6 , the pathological findings showed the presence of less inflammation, degeneration, and necrosis in the portal vein group compared to the tail vein group; however, there was no significant difference between the 2 groups. 
Inhibitory effect of BMSC transplantation on apoptosis
The lobular architecture of the normal rat was typical, and the liver cell cord was radially arranged to the central venous structure. The presence of inflammatory cell infiltration, sinusoidal dilatation, and congestion in portal area was not observed. The hepatocyte cells of the control group and transplantation group exhibited different levels of apoptosis. The original hepatic lobule structure disappeared. Apoptotic cells had membrane integrity, nuclear changes, and pyknosis. Most apoptotic cells were located in the periphery of the necrotic area around the normal liver cells. Hepatocyte cell apoptosis was noticeably lower in the transplantation group compared to the control group at 120 and 168 h after transplantation (P < 0.05). However, there was no significant difference between the portal vein group and the tail vein group ( 
SDF-1α and VEGF expression in the liver tissue
In situ hybridization and immunofluorescence
In situ hybridization and immunofluorescence were employed to examine the expression of SDF-1α mRNA ( Figure 9 ) and VEGF protein levels (Figure 10) . At 120 and 168 h after BMSC treatment, the expression of SDF-1α mRNA and VEGF protein in the liver tissue was noticeably higher compared to the control group (P < 0.05). These results indicate that there were highly significant correlations between SDF-1α mRNA and VEGF protein levels in the liver tissue (rs = 0.776, P < 0.05). SDF-1α mRNA and VEGF protein expression was higher in the portal vein group compared to the tail vein group; however, there were no significant differences between the 2 groups ( 
Western blot analysis
During the transplantation process, SDF-1α and VEGF protein expression in the transplantation group was noticeably higher compared to the control group (P < 0.05). Highly significant correlations were also present between SDF-1α and VEGF protein expression (rs = 0.584, P < 0.05) ( Table 5 , Figures 13 and 14) . SDF-1α and VEGF protein levels were significantly higher in the BMSC portal vein group compared to the BMSC tail vein group ( Figure  15 , P < 0.05). This result indicates that intraportal transplantation is a more effective pathway compared to tail vein transplantation. 
DISCUSSION
BMSCs possess higher proliferation capacity and anti-senescence ability, in addition to the fundamental features of primary MSCs. BMSC therapy currently represents a promising strategy for ALF treatment (Sato et al., 2005; Cho et al., 2009 ). The present study demonstrated that BMSC transplantation attenuates liver damage by reducing the infiltration of inflammatory cells and inhibiting apoptosis. The experiments showed that BMSC transplantation generates a large increase in the number of liver and bile duct cells, subsequently improving liver function. The in vivo experiments also showed that BMSCs confer liver protective effects. These data indicate that BMSCs are key regulators of immune/ inflammatory responses in vivo, and present attractive candidates for the cell-based treatments of systemic inflammation-based disorders.
At present, the underlying mechanisms of ALF are assumed to involve a large area of liver necrosis, hepatocyte apoptosis, microcirculatory disturbance, cytokines, and other factors. Liver tissue is extremely sensitive to hypoxic-ischemic injury in ALF; hypoxia-ischemia and reperfusion injury can increase cell necrosis or apoptosis. Therefore, a reduction in the occurrence of apoptosis during cell transplantation is essential to enhance the effectiveness of cell transplantation (Kaplowitz, 2000; Rust and Gores, 2000; Jung et al., 2009) . In vitro experiments have confirmed that MSCs are involved in the BMSC inhibition of hepatocyte apoptosis and that they promote the proliferation of liver cells. Previous studies have reported that BMSCs act in various ways through the paracrine secretion of cytokines and growth factors to promote regeneration. Such actions include the inhibition of inflammation and apoptosis, the activation of hepatic stellate cells, a reduction in the generation of the extracellular matrix, the degradation of intrahepatic excess in the extracellular matrix, and an improvement in liver fibrosis (Liu et al., 2009; Muraca, 2011) . Our experiments showed that hepatocyte cell apoptosis noticeably decreases after transplantation. These results confirm that BMSC transplantation inhibits apoptosis.
BMSCs secrete numerous cytokines, including SDF-1α, VEGF, SDF-1, bFGF, IGF-1, Figure 15 . Ratio of VEGF/GADPH between the three groups. *P < 0.05.
and hepatocyte growth factor (Bhakta et al., 2006) . SDF-1α is a class of chemokine CXC subfamily involved in the migration of stem cells, in addition to cell proliferation and apoptosis. It has been reported that SDF-1α has a mitogenic and anti-apoptotic role. SDF-1α acts as a chemo-attractant to promote the migration of stem cells and strengthen their locomotory capacity (Thelen and Thelen, 2008; Wang et al., 2012) . When stem cells migrate to the target tissue, SDF-1α facilitates their adhesion to fibrinogen, fibronectin, interstitium, and endotheliocytes (Burns et al., 2006) . Subsequently, the cells that adhere to the blood vessel endothelium, permeate the vessel walls to access the target tissue. With the help of SDF-1α, the secretion of more MMP-9, NO, and VEGF promote the mobilization of stem cells (Tang et al., 2007; Kuang et al., 2008; Gao et al., 2010; Huang et al., 2010; Takamiya et al., 2011) . These paracrine factors, especially VEGF, are important for maintaining or improving normal vascular endothelial function. Hyperoxia-induced downregulation of VEGF has been reported in the rat retina and has been found to be associated with the death of endothelial cells by apoptosis (Alon et al., 1995; Ma et al., 2005) . TUNEL staining demonstrated that the tendency for apoptotic cells to decline is associated with an increase in SDF-1α and VEGF. These experiments show that if the expression of SDF-1α and VEGF increases, the amount of apoptotic cells decreases. These results confirm that both VEGF and SDF-1α have anti-apoptotic functions, with SDF-1α promoting cell proliferation and differentiation. The present study showed that SDF-1α and VEGF interact; whereby, VEGF induces the expression of SDF-1α in liver cells, while SDF-1α induces VEGF expression. This phenomenon indicates that the SDF-1α/VEGF axis is a viable mode for stem cell therapy targeting ALF; however, precision is required regarding the timing and quantity of application of the 2 cytokines. As expected, the expression of SDF-1α and VEGF significantly increased after BMSC transplantation. Higher VEGF expression levels were correlated with elevated SDF-1α expression in the transplantation group, indicating that SDF-1α promotes the homing of BMSCs to damaged liver tissue. The results of the gene expression analysis support the hypothesis that BMSCs are dynamic cells that are activated by an inflammatory environment, and that they are able to alter their characteristics (genome and secretome) when providing immunomodulation. These results could facilitate the characterization of the dynamics, duration, and trajectory of systemic inflammatory response, and permit the identification of possible targets for therapies and possible predictive biomarkers. In both the portal vein and tail vein groups, SDF-1α and VEGF had similar levels of expression but with different effects. SDF-1α and VEGF protein levels were significantly higher in the BMSC portal vein group compared to the BMSCs tail vein group. This finding indicates that intraportal transplantation provides a more effective pathway compared to tail vein transplantation.
In summary, we demonstrated that BMSC transplantation is of therapeutic benefit for treating ALF by providing anti-inflammatory and anti-apoptotic effects. BMSCs proved to be a potential and valuable alternative means of treating ALF. However, further studies are required to clarify the exact mechanism and to improve the effectiveness of BMSCs at reducing liver inflammation, as well as improving the quality of life of patients and prolonging their survival time.
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